In this paper the importance of C-H⋅ ⋅ ⋅ O intermolecular hydrogen bonds and van der Waals forces in crystal packing stabilization of 16 -hydroxyfriedelin (1) and 3-oxo-16-methylfriedel-16-ene (2) is described. Compound 1 is a natural product isolated from the hexane extract of Salacia elliptica branches, whereas compound 2 is obtained from compound 1 after dehydration accompanied by methyl migration of C-17 to C-16. The single-crystal X-ray diffraction experiments for 1 and 2 were carried out at 150 K, and the crystallographic study demonstrated that these compounds crystallize in noncentrosymmetric space groups, with 1 showing an orthorhombic P2 1 2 1 2 1 space group and 2 a monoclinic P2 1 one. Compounds 1 and 2 are composed of five fused six-membered rings presenting a chair conformation, except for the central ring of 2, which adopts a half-chair conformation. In addition, the intra-and intermolecular parameters were studied using CCDC MOGUL analyses and Hirshfeld surfaces.
Introduction
Terpenes are well-known secondary metabolites occurring in many plants specimens [1] . This compound class has been widely investigated due to its biological properties, as, for example, antituberculosis [2] , nematostatic effects [3] , anticancer [4] , anti-HIV [5] , and anti-inflammatory [6] . The terpenoids derivatives studied here belong to pentacyclic triterpenes (PCTT) class and they are known as 16 -hydroxyfriedelin (1) and 3-oxo-16-methylfriedel-16-ene (2) .
The triterpene 1 was isolated from the hexane extract of Salacia elliptica branches and its derivative 3-oxo-16-methylfriedel-16-ene (2) was obtained after dehydration accompanied by methyl migration [7] . In a previous report Duarte et al. [7] elucidated the stereochemistry of 1 and 2 using 2D-NMR (NOESY) spectroscopy and mass spectrometry (GC-MS), as well as the 13 C-NMR. As part of our ongoing study on X-ray diffraction applied to establish the structural details of pentacyclic triterpenes [8] [9] [10] [11] [12] , in this paper, we report the crystal structure of the triterpene 16 -hydroxyfriedelin (1) and its derivative 3-oxo-16-methylfriedel-16-ene (2). The X-ray diffraction (XRD) studies of triterpenes have received a meaningful use in order to access both the intra and intermolecular geometry correctly, giving an unambiguous structure determination. Here, we investigate the role of the main intermolecular interactions in the stabilization of the solid state architecture of the 1 and 2 PCTT derivatives building blocks.
Structure of 3-oxo-16-methylfriedel-16-ene (2) (1) Scheme 1: The rings of the molecules 1 and 2 should be labeled as A, B, C, D and E. (Ring A = C1, C2, C3, C4, C5 and C10); (Ring B = C5, C6, C7, C8, C9 and C10); (Ring C = C8, C9, C11, C12, C13 and C14); (Ring D = C13, C14, C15, C16, C17 and C18) and (Ring E = C17, C18, C19, C20, C21 and C22).
Experimental Part

Single Crystal and X-Ray Diffraction Studies.
The needlelike single crystals of compounds 1 and 2 were obtained by slow evaporation of the methanol/hexane mixture (1 : 1 v/v) at room temperature. Crystal diffraction data were collected at 150 K on an Enraf-Nonius Kappa-CCD Diffractometer using MoK radiation (0.71073Å) monochromated by graphite. The final unit cell parameters were based on all reflections. Data were collected made using the COLLECT program [13] ; integration and scaling of the reflections were performed with the HKL Denzo-Scalepack system of programs [14] .
The structure was solved by direct methods using the program SHELXS-97 [15] and refined by full-matrix least square on 2 with the program SHELXL-97 [15] considering anisotropic temperature factors for all atoms except for hydrogen atoms that had their positional parameters fixed stereochemically and refined with riding model [15] . Hydrogen atoms of the CH and CH 2 groups were set as isotropic with a thermal parameter 20% greater than the equivalent isotropic displacement parameter of the non-hydrogen atoms to which each one is bonded. This percentage was set to 50% for the hydrogen atoms of the CH 3 and OH groups.
The compounds 1 and 2 are both chiral and crystallize in noncentrosymmetric space groups. However, the Flack parameter [16] was not refined during X-ray crystallographic analysis since the most electron-rich atom is the oxygen, which does not have an anomalous scattering large enough (using MoK radiation) to permit determination of the absolute structure using X-ray diffraction. In this way the Friedel opposites were averaged before refinement cycles.
Programs included in the WinGX package [17] were used to prepare materials for publication. The programs MERCURY [18] and ORTEP-3 [19] were used to generate the molecular graphics. The intramolecular parameters were analyzed using MOGUL [20] , a knowledge base of molecular geometry derived from the CSD (Cambridge Structural Database) [21] , which gives a rapid access to information on the preferred values of bond lengths, valence angles, and acyclic torsion angles. Structure data files of compounds 1 and 2 are deposited at Cambridge Crystallographic Data Centre (CCDC 936437 and 936625 for 1 and 2, resp.). Summary of crystal, data collection procedures, structure determination methods, and refinement results are summarized in Table 1 .
The CrystalExplorer 2.1 program [22] was used to generate the Hirshfeld surfaces and the finger print plot of 1 and 2. The Hirshfeld surfaces are used to define the intermolecular environment of molecules within the crystal. Thus, it allows us to explore the properties of each intermolecular contact in the solid state of the chemical component [23] [24] [25] . Interesting information is obtained from the 2D-fingerprint graphics, which is constructed by the plot of versus ( = external distance, the distance between the calculated Hirshfeld surface and the nearest atom of an adjacent molecule; = internal distance that is defined as the distance from the nearest nucleus internal to the calculated Hirshfeld surface). The 2D-fingerprint also provides the percentage of each contact that is useful to compare the occurrence of intermolecular interactions of the triterpenes derivatives studied here.
Results and Discussion
The X-ray crystallographic analyses of compounds 1 and 2 were performed, confirming the structures previously established by the NMR data [7] . The crystal structure of each compound presents only one molecule in the asymmetric unit. The ORTEP diagrams of 1 and 2, including the atom labeling, are shown in Figure 1 . The PCTT derivatives 1 and 2 crystallize in the noncentrosymmetric space groups [7] of the molecular structure of 1 and 2, with displacement ellipsoids being drawn at the 50% probability level. The hydrogen atoms are shown as spheres of arbitrary radii. P2 1 2 1 2 1 (orthorhombic) and P2 1 (monoclinic), respectively. The MOGUL [20] analysis points out that all geometric parameters agree well with the expected values reported in the literature, including the PCTT previously published by us [8] [9] [10] [11] [12] . Selected bond lengths of 1 and 2, compared with MOGUL results, are represented in Table 2 . Only compound 1 presents the bond length C16-O2 corresponding to the hydroxyl group [value of 1.437(5)Å], which is longer than the C3=O1 carbonyl group with values of 1.212(5) and 1.209(3)Å for 1 and 2, respectively. The C16-O2 and C3=O1 values represent an evidence of single and double bonds, respectively, considering the MOGUL results [20] and related C-O and C=O bond lengths of PCTT derivatives, such as lupeol [8] , 30-hydroxy-lup-20(29)-en-3-one and (11 )-11-hydroxy-lup-20(29)-en-3-one (2) [9] . In 2, C16 and C17 atoms are separated by 1.341(6)Å, as expected, based on the sp 2 hybridization. This is an evidence of dehydration of compounds 1 to 2, to form a C16=C17 double bond.
Focusing on their ring conformations, it could be seen that in 1, all six-membered rings, A, B, C, D, and E, have adopted a chair conformation, which is the most stable one, as observed in other PCTT crystal structures [7] [8] [9] [10] 16] . It was also noted that the hydroxyl group linked to C-16 of the D ring was located in an equatorial position (see Figure 1 ). In the structure of 2, A, B, C, and E rings present a chair conformation, while the D ring adopts a half-chair conformation due to C16=C17 double bond. The crystal packing of 1 and 2 is stabilized by weak intermolecular interactions. To better explore the intermolecular interactions occurring in 1 and 2, the Hirshfeld surface [20] and the corresponding two-dimensional fingerprint plots [21, 22] were used (Figure 2 ). In the graphics, the d-values range from 0.8 to 3.0Å, with color gradient from blue to red, in order to represent the proportional contribution of the ( , ) pair to the Hirshfeld surface. In both fingerprint plots the shortest distribution points (∼1.0Å) occur due to H⋅ ⋅ ⋅ H contacts. Only in structure of 1 the presence of a pair of sharp spikes, which is characteristic of hydrogen bonds [24] , is evident. These sharp spikes generated by O⋅ ⋅ ⋅ H contacts occur around 1.05Å ( , ) and 1.35Å ( , ) in 1, (3) C(1)-C(2) 1.533(6) 1.520 (7) 1.52 (3) C(2)-C(3) 1.500 (6) 1.485(6) 1.52 (3) C (20)-C(29) 1.540 (6) 1.505 (6) 1.52 (3) whereas in the fingerprint plot of the structure of 2, the sharp spikes formed by the C-H⋅ ⋅ ⋅ O intermolecular contacts are overlapped by the H⋅ ⋅ ⋅ H contacts.
In the structure of 1, the relative contributions to the Hirshfeld surface area due to H⋅ ⋅ ⋅ H, O⋅ ⋅ ⋅ H, C⋅ ⋅ ⋅ O, C⋅ ⋅ ⋅ H, and O⋅ ⋅ ⋅ O intermolecular contacts are 89.9, 9.6, 0.2, 0.2, and 0.1%, respectively. Also, for compound 2 the percentage found to H⋅ ⋅ ⋅ H, O⋅ ⋅ ⋅ H, C⋅ ⋅ ⋅ C, and O⋅ ⋅ ⋅ O are 93.2, 6.1, 0.5, and 0.2%, respectively. Due to the molecule composition, 1 presenting an additional oxygen atom compared with 2, more intermolecular contacts involving the oxygen atom in compound 1are expected . In both structures, it seems clear that H⋅ ⋅ ⋅ H intermolecular contacts represent the biggest contribution to the fingerprint plot, such as that expected for a compound class where the majority of the surface is covered by H atoms. This evidences that van der Waals forces exert an important influence on the stabilization of the packing in 1 and 2.
Concerning the crystal packing of 1 and 2 onto the plane, a different assembly is observed ( Figure 3 ). As shown in Figure 3(a) , the molecules of 1 form a zigzag arrangement, whereas in the crystalline structure of 2, the molecules form parallel layers (Figure 3(b) ). The perspective of Figure 3 shows the organization of hydrophobic tails to form van der Waals interactions. The absence of strong intermolecular forces to stabilize the molecules in solid state and the packing characteristics may explain the difficulty in obtaining single crystals of 1 and 2 and their fragility.
Conclusion
The crystal structures of two PCTT derivatives named 16 -hydroxyfriedelin (1) and 3-oxo-16-methylfriedel-16-ene (2) were determined by single crystal X-ray diffraction and compared according their intra-and intermolecular geometries. The Hirshfeld surfaces obtained for 1 and 2 show that H⋅ ⋅ ⋅ H contacts are the most abundant to crystal stabilization, as expected for a molecular crystal where the majority of the surface is covered by H atoms. It was possible to probe by the Hirshfeld surfaces analyses the role of C-H⋅ ⋅ ⋅ O intermolecular hydrogen bonds and van der Waals forces in crystal self-assembly of PCTT building blocks.
